Numerous compounds in the human diet show chemoprotective properties against chemical carcinogens (1,2) and are thought to be linked to the observed correlation between diets high in fruit and vegetables and reduced tumor incidence (3,4). Though many such chemopreventive phytochemicals are present naturally only in small quantities, the chlorophylls (Chl*) can be abundant, especially in green leafy vegetables. Spinach leaves, for example, may contain between 2.6 and 5.7% of their dry weight as chlorophylls (5). Despite this abundance,
Numerous compounds in the human diet show chemoprotective properties against chemical carcinogens (1, 2) and are thought to be linked to the observed correlation between diets high in fruit and vegetables and reduced tumor incidence (3, 4) . Though many such chemopreventive phytochemicals are present naturally only in small quantities, the chlorophylls (Chl*) can be abundant, especially in green leafy vegetables. Spinach leaves, for example, may contain between 2.6 and 5.7% of their dry weight as chlorophylls (5) . Despite this abundance, relatively little is known regarding chemopreventive properties of native chlorophylls. In comparison, a great deal is known about the chemoprotective properties of Cu-chlorophyllin (CHL), a mixture of water soluble copper-containing chlorophyll derivatives. CHL has shown potent anti-mutagenic activity against heterocyclic amines (6, 7) , aflatoxin B 1 (AFB 1 ) (7, 8) , polycyclic aromatic hydrocarbons (9, 10) and aromatic nitro compounds (11) , as well as inhibitory activity against other genotoxic compounds (12-16). Dietary CHL inhibited AFB 1 -DNA binding in vivo (7) and formation of liver tumors in rainbow trout (17) . In rats, CHL inhibited DNA adduct formation and carcinogenesis by heterocyclic amines. DNA adduct formation by 2-amino-3-methylimidazo-[4,5-f]quinoline (IQ) (18, 19) and IQ-induced tumorigenesis in male F344 rats (20) were inhibited by CHL given in the drinking water. CHL reduced mammary carcinogenicity induced by 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine in female rats (21, 22 (25) , the heterocyclic amine 3-amino-1-methyl-5H-pyrido [4,3-b] indole (6) and aromatic nitro compounds (11, 26, 27) . Dietary Chl was also reported to have anti-mutagenic activity in vivo in the Drosophila wing spot tests conducted by Negishi et al. (6, 27) . To date, however, there are no reports of Chl anti-genotoxic or anti-carcinogenic activity in vivo in any vertebrate animal model. Because the absence of phytol side chains in CHL may significantly influence biodistribution or physicochemical properties essential to chemoprevention in the whole animal, one cannot assume that the cancer preventive activities of CHL extend to unhydrolyzed natural Chl.
To investigate the chemoprotective effects of native chlorophylls in vivo, we have initially compared the influence of several Chl and CHL preparations on formation of DBP-DNA adducts in rainbow trout. DBP, among the most potent environmental polycyclic aromatic hydrocarbons known (28) , is a complete carcinogen which initiates tumors in liver, stomach and swim bladder in the rainbow trout model (24, 29) . For these studies, trout were reared, housed and treated at the Food Toxicology and Nutrition Laboratory, Oregon State University (Corvallis, OR) according to guidelines from the NIH and protocols approved by the Animal Welfare Committee at Oregon State University. Six groups of 30 5-monthold fingerling trout were fed an experimental diet containing 200 p.p.m. DBP, with or without one of five Chl or CHL preparations at a concentration of 3000 p.p.m. total chlorins. CHL with a Cu-chlorin content of 55% was purchased from Sigma (St Louis, MO). Chl a from Spirulina sp. was purchased from Wako Pure Chemicals (Richmond, VA). The purity was 87.5% including the epimer Chl a' (30) , as determined by HPLC ( Figure 1A ). The remaining compounds in this preparation were pheophytin a (Phe a) (2%) and three unidentified compounds (10.5%) with UV spectra similar to Chl a. We also prepared Chl a from spinach powder (Quest International, Hoffman Estates, IL) by extraction with acetone and partial purification by ascorbate-silica gel chromatography (31) . The Chl a concentration of this preparation was 77%, with the remainder being Phe a (22%), a frequent artifact through the loss of the central magnesium ion, and 1% carotenoids ( Figure 1B) . The same approach was used to obtain a highly purified Phe a (94%) preparation containing 6% unidentified chlorophyll-like derivatives ( Figure 1C) . We also included an enriched extract from spinach containing a mixture of Chl a (53%), Chl b (19%), Phe a (14%) and carotenoids (9%) ( Figure 1D ). The remaining compounds (5%) were unidentified chlorins. The chlorophyll and chlorin content of the different preparations was determined from known extinction coefficients (32, 33) and final diet concentrations of 3000 p.p.m. were based on dry weight diet components. The unhydrolyzed Chl as well as DBP were incorporated into the oil portion of the semi-purified Oregon Test Diet (34), while CHL was dissolved in the water portion. The animals were fed diet rations of 2.3% dry diet/g fish wt 6 days/week for 2 weeks. Animals were then killed, and livers, the major target organ for DBP carcinogenesis in trout, were collected in four pools of eight livers each. The samples were frozen in liquid nitrogen and stored at Ϫ80°C.
DNA was purified by phenol-chloroform extraction after RNA and protein digestion of the liver homogenate. Stable DBP-DNA adducts were measured by a 33 P-post-labeling method (35, 36) . After initial digestion with nuclease P1 (0.6 U) and human prostatic acid phosphatase (0.35 U) 20 µg DNA were labeled with [γ-33 P]ATP (2000 mCi/mmol, 2 µM ATP) and T4 polynucleotide kinase (18 U), followed by digestion with snake venom phosphodiesterase (15 mU) and apyrase (0.1 U). Adducts were purified by solid-phase extraction on tC18-SepPak columns (Waters, Milford, MA). The eluate was concentrated under nitrogen and reconstituted in sample solvent (36) . The adducts were separated on a C18 column (Symmetry 2.1ϫ 150 mm; Waters) with a methanol:acetonitrile (9:1), 0.1 M ammonium phosphate (pH 5.5) gradient, starting at 20% organic solvent (flow rate 0.4 ml/min, 35°C column temperature). An on-line liquid scintillation detector (0.5 ml cell, 1.2 ml/min scintillant; Packard TR505) was used to detect and quantify the post-labeled adducts. Adduct standards (36) generated with syn-and anti-DBP-11,12-dihydrodiol-9,10-epoxide (DBP-DE) (Chemsyn Science Laboratories, Lenexa, KS) and calf thymus DNA were used to compare the adduct spectrum of DBP in trout liver ( Figure 2 ). As previously reported (37) , the spectrum of trout liver DBP-DNA adducts is complex and the majority are more polar than adducts generated with DBP-DE (Figure 2) .
The total DBP-DNA adducts in the DBP-only control group was determined to be (2.46 Ϯ 0.32 adducts)/10 6 nucleotides (means of three pools of livers Ϯ SD). All Chl and CHL treatment groups showed substantially lower adduct levels. Thus, total adducts were reduced by 74% by the crude spinach extract [(0.64 Ϯ 0.14 adducts)/10 6 nucleotides, n ϭ 3], 80% by Chl a from spinach (0.50 Ϯ 0.11), 49% by Chl a from Spirulina (1.26 Ϯ 0.17), 61% by Phe a (0.95 Ϯ 0.01) and 68% by CHL (0.78 Ϯ 0.09). In comparison with the DBP control, all treatment groups had significantly fewer adducts (P Ͻ0.0001, except for Chl a from Spirulina, where P ϭ 0.003; Tukey's HSD test after logarithmic transformation to reduce variance).
The overall DBP-DNA adduct pattern appeared to be largely unaffected by the chlorophyll treatments (compare Figure 2A and B) , with 50-80% inhibition occurring across all peak groups for all treatments. This largely non-specific inhibition of DBP-DNA adducts is what would be expected if formation of Chl-DBP complexes and reduced bioavailability were the predominant protective mechanisms. However, the potential for DBP to complex with native chlorophylls has not been investigated directly. Alternative hypotheses for the observed reduction in DNA adducts include such intracellular mechanisms as electrophile scavenging (which may also involve complexation) or inhibition of DBP bioactivation. For example, non-specific inhibition by CHL has been observed for several cytochrome P450 activities (38). However, the potential significance of such target cell-based mechanisms cannot be evaluated without detailed information regarding the metabolism and biodistribution of dietary chlorophylls in trout.
All Chl and CHL treatment groups in our experiment showed highly significant suppression of DBP-DNA adducts, with only moderate differences observed among the preparations. The observed order of treatment effectiveness was Chl a (spinach ) Ͼ crude extract Ͼ CHL Ͼ Phe a Ͼ Chl a (Spirulina). Chls are notoriously unstable and no preparation contained 100% pure Chl. The results are, however, fully adequate to demonstrate a Chl inhibitory activity that is comparable with, and independent of, water-soluble derivatives such as CHL components. In particular, greatest protection was seen with our spinach Chl a preparation, which contained only intact Chl a and its metal-free, but otherwise intact, Phe a derivative. These findings are sufficient to conclude that lipophilic chlorophylls are fully protective in vivo and that a metal ligand is not required for protection.
Mean inhibition among the Chl groups (66%) equaled that of the CHL positive control group (68%) and none differed from this by Ͼ17%. Though differing profiles of chlorophylls or chlorin impurities among the preparations may contribute to this, the effects cannot be large. All preparations were tested at the same total chlorin level and, with the exception of the carotenoids in the crude spinach extract, impurities were predominantly chlorin derivatives. Complexation studies with chlorins (39, 40) indicate that structurally similar chlorins have similar complexation characteristics. It is also expected that metal loss of chlorophylls to pheophytins will occur in the acidic environment of the stomach (41) , further reducing the effective differences in vivo amongst the preparations studied here. These results are most consistent with the conclusion that intact chlorophylls, metal-free pheophytins and chlorins lacking phytol all have effective potencies in vivo for reduction of DBP genotoxicity, differing by 2-fold or less.
Suppression of DBP-DNA adducts is normally expected to lead to decreased tumor initiation. This result was indeed seen with CHL in the trout model, where 4000 p.p.m. CHL reduced DBP-DNA adducts by 89% and tumor incidence by 72% (24) . However, a complete tumor study is needed to confirm this result for native chlorophylls.
In summary, this study shows potent inhibition of DBP-DNA adduction in vivo by native chlorophylls and provides the first demonstration of an anti-carcinogenic property of these common phytochemicals in any vertebrate animal model. This finding suggests a potential role for dietary chlorophylls in reducing the risk of tumor initiation by certain polycyclic hydrocarbons, mycotoxins and heterocyclic amines present in the human diet.
